This study focuses on the ovarian maturation stages in Farfantepenaeus paulensis, which are reported for each stage with histologic, stereological, and morphometric analyses, as well as the specific female protein profile. Unilateral eyestalk-ablated females were dissected and the middle lobes of each ovary were rinsed in cold 100 mM phosphate buffered saline containing 0.001 PMSF, for light microscopic and biochemical analyses. Fragments of ovary were fixed in Bouin's solution, cut into 7 lm sections and stained for morphometric and stereological analyses. Immunohistochemistry was used for the detection of vitellin immunoreactivity. The ovarian protein profile was determined using ELISA, SDS-PAGE and Western blot assays. Five ovarian maturation stages were classified by histological analysis: immature, early maturing, late maturing, mature, and spent. Germ cell diameter varied from 48 lm (6 8) for oögonia in the immature stage to 224 lm (6 43) for vitellogenic oöcytes in the mature stage. Protein profiles in ovarian stages showed the presence of seven bands and in Western blot analysis two bands immunoreactive to vitellin antiserum were detected with molecular weights of 105 kDa and 75 kDa. In the ELISA assay vitellin was detected in the five maturation stages and a gradual increase of this protein was observed from the immature stage to mature stages.
INTRODUCTION
Some species of penaeid shrimps exhibit specific features, including a wide geographic distribution, high survival, good growth in ponds and tanks, as well as high fecundity, all of which contribute to these animals being commercially important throughout the world. Nevertheless, for successful shrimp culture it is necessary to give special attention to female reproduction under captive conditions, specifically ovarian maturation. Wild females require a particular environment and ovarian maturation normally occurs on the continental shelf at a depth of 50 m (D'Incao, 1999) . This difficulty was solved in animals reared in tanks by the technique of eyestalk ablation, a procedure commonly used to promote ovarian maturation and spawning in captive conditions. This technique blocks the gonad-inhibiting hormone and triggers vitellogenin synthesis, which in turn results in an intensive ovarian activity (Charniaux-Cotton, 1985; Fingerman, 1987; Tsukimura, 2001) .
During maturation, the ovary exhibits size and color changes that are macroscopically visible through the transparent carapace. These changes are due to the deposition of yolk in the oöcyte, which results in a rapid increase in oöcyte diameter (Sagi et al., 1995; Tsukimura, 2001) , and color changes due to the carotenoid components, with specific color changes each being related to a new maturation stage (Arculeo et al., 1995) . The main constituents of yolk are protein and lipids, and vitellin is the major protein that accumulates within the ovary during vitellogenesis (Charniaux-Cotton, 1985; Chen et al., 1999) . This process is very important for reproduction since the yolk substances provide primary nutrition for embryogenesis and early larval development (Browdy et al., 1990; Quackenbush, 2001 ).
Several techniques have been used to assess ovarian changes in the reproductive cycles of crustaceans. Macroscopic analysis of ovary size and color is mainly used to define the timing of spawning by external appearance (Arculeo et al., 1995; Marchiori, 1996) . Histological methods determine oöcyte size and distribution, information that allows a basic classification of ovarian structure and maturation (Kao et al., 1999; Dumont and D'Incao, 2004; Peixoto et al., 2005) .
Complementary tools for histological analyses are morphometry and stereology techniques, which have received increased attention in reproductive research in general (Coward and Bromage, 2002; Sundberg, 1992) and specifically in gonadal studies of fishes (Medina et al., 2002) .
Stereological methods determine three-dimensional geometric and topological structural information of a sample from flat histological sections using a grid point (Freere and Weibel, 1967; Coward and Bromage, 2002) . Morphometric techniques have been employed that allow structural data to be quantified and thus facilitate comparison with functional studies. The association of these techniques with biochemical analyses, mostly protein profiles, enables the delineation of the structural and functional dynamics of yolk synthesis and accumulation in previtellogenic and vitellogenic oöcytes during ovarian maturation stages (Sundberg, 1992; Lubzens et al., 1995; Kawazoe et al., 2000) .
There are many studies on the biochemical composition of the ovaries, ovarian structure and maturation stages of different penaeid species, including Penaeus aztecus Ives, 1891 (Castille and Lawrence, 1989) , Penaeus brasiliensis Latreille, 1817 (Quintero and Garcia, 1998) , Penaeus indicus Milne Edwards, 1837 (Mohamed and Diwan, 1994) , Penaeus japonicus Bate, 1888 (Yano, 1988) , Penaeus kerathurus Forskål, 1775 (Medina et al., 1996) , Penaeus monodon Fabricius, 1798 (Primavera and Caballero, 1992) , Penaeus semisulcatus De Haan, 1844 (Browdy et al., 1990) , and Penaeus vannamei Boone, 1931 (García-Orozco et al., 2002 . Concerning Farfantepenaeus paulensis Perez-Farfante and Kensley, 1997, a penaeid species important in fisheries and aquaculture, Worsmann and Sesso (1977) , Marchiori and Boff (1983) , and Peixoto et al. (2003 Peixoto et al. ( , 2004 have described the microstructure of the ovaries during maturation, but there are no published data to establish a correlation between morphological and biochemical ovarian responses to eyestalk ablation. Moreover, the responses to eyestalk ablation in terms of gonad maturation in penaeids are not fully understood (Peixoto et al., 2005) , in particular the ovarian morphologic changes through maturation stage sequences.
Therefore, the aim of this study was to determine the effects of eyestalk ablation on the ovarian stages of F. paulensis, focusing on the relationship between macroscopic color changes and histological features, including oöcyte number and size, as well as the vitellin protein profile. Results of these analyses may become powerful tools for establishing and understanding the sequential morphologic and biochemical changes occurring during ovarian maturation in ablated females of F. paulensis.
MATERIALS AND METHODS

Samples
Unilaterally eyestalk ablated females of F. paulensis (n ¼ 48) were obtained from broodstock of the Marine Shrimps Laboratory-Federal University of Santa Catarina, Brazil. All the females analyzed in this study presented a body length between 150.0 mm and 165.0 mm and were kept at closedsystem in circular tanks (2.5 m in diameter) at a water temperature of 268C, 32 ppt salinity, 12:12 hours dark:light cycle and fed daily with a commercial shrimp pellet diet.
Whole body and ovary weights were recorded to determine the gonadosomatic index (GSI). Dissected ovaries were grouped according to their fresh coloration in translucent, white, grayish green and dark green (Pantone Matching System, Carlstadt, NJ, USA). Ovaries were rinsed in cold 100 mM PBS (pH 7.4) containing 0.001 phenylmethysulfonyl fluoride (PMSF). The middle lobes of all ovaries were dissected and pieces of each were separated for fixation and cryopreservation prior to use in light microscopic and biochemical analyses.
Histology and Immunohistochemistry
Fragments of each ovary were fixed in Bouin's solution, before being dehydrated in ethanol, embedded in paraffin, sectioned at 7 lm thickness and stained in Mallory's trichrome and Harris's hematoxylin and eosin.
Oögonia and oöcyte diameters were measured for morphometric analysis using an optical microscope with an eyepiece scale (103). The number of cells needed to establish the average size was determined by n ¼ 1.96.s/L, where s ¼ standard deviation of the preliminary five cell measurements and L ¼ 10% of the preliminary average (Müller et al., 1999; Nazari et al., 2003) .
Stereological analysis of ovary sections was performed with an M42 multipurpose test-system (Mandarim-de-Lacerda, 2003) using a Weibel graticule eyepiece (403) to determine the percentage of germ (oögonia, previtellogenic and vitellogenic oöcytes) and somatic (follicles) cells. The number of somatic and germ cells was obtained in five random visual fields with 42 line endpoints each, corresponding to 210 cells counted in each histological section. The frequency of germ and somatic cells was taken as a percentage of the total number of cells counted (n ¼ 210) (Freere and Weibel, 1967) .
Unstained ovary sections were prepared for immunohistochemistry for the detection of vitellin immunoreactivity. Endogenous peroxidase activity was depleted by a 15 min treatment with 2% hydrogen peroxide. After two washes with TBS and one wash with TBSþTriton X-100, sections were blocked with 5% goat serum in TBS for 60 min. Then, sections were incubated overnight at 48C with vitellin antiserum (1:100) (a generous gift of Dr. Esther Lubzens of the Israel Oceanographic and Limnological Research), followed by one wash with TBSþTriton X-100 and two washes with TBS, before being incubated for 120 min with alkaline phosphatase conjugated goat anti-rabbit IgG (1:100). Sections were washed in TBS and immunoreactive proteins were visualized with nitro-blue tetrazolium/5-Bromo-4-Chloro-39-indolyphosphate (NBT/BCIP). Negative control preparations were treated in the same way as above except that the vitellin antiserum was substituted by TBS buffer (0.1 M, pH ¼ 7.4).
Ovarian Extract Preparation
Individual ovaries were homogenized on ice in PBS (0.1 M, pH ¼ 7.4) with 1 mM PMSF, 1 mM benzamidine and 100 mM caproic acid. The homogenates were centrifuged for 30 min at 10,000 3 g at 48C, twice. The floating fatty layer and the precipitate were discarded and the supernatant was separated and stored at À1868C until analysis. Total protein in each sample was estimated following Peterson (1983) as modified from the method of Lowry.
Enzyme-Linked Immunosorbent Assay (ELISA)
Ovarian homogenates were diluted (1:200) in carbonate-bicarbonate buffer (pH ¼ 9.6), then added in triplicate to ELISA well plates and incubated overnight at 48C. After washing with TBS þ 0.05% Tween 20 (TBS-T), wells were blocked for 30 min with skim milk in TBS and washed in TBS-T. Samples were incubated for 120 min with vitellin antiserum diluted 1:100 with blocking solution and, after washing, wells were incubated with alkaline phosphatase-conjugated goat anti-rabbit IgG (1:300) for 120 min. Following a wash in TBS-T, NBT/BCIP was added and photometric data were read at 540 nm. Ovarian homogenates of mature stages were diluted at 1:20 and used as control samples. The negative control used was testis homogenate that was diluted (1:200) in carbonate-bicarbonate buffer (pH ¼ 9.6).
Polyacrylamide Gel Electrophoresis (PAGE) and Western Blotting
Ovarian proteins were separated by gel electrophoresis (SDS-PAGE). First, samples were dissolved in treatment buffer (1M Tris-HCl pH 6.8, 20% glycerol, 20% SDS, 0.2% Bromophenol Blue, 5% b-mercaptoethanol) and boiled for 2 min. Ovarian extract was applied to 7% separating gels with 3% stacking gels, and proteins were separated at 120 V for 3 hours in 0.05M Tris glycine-buffered solution with 0.1% SDS, pH 8.3. Proteins were visualized by staining with Coomassie brilliant blue R250 for 36 h. Molecular weights were determined with a kit containing mid-range protein molecular weight standards from 200 to 14.3 kDa. Testis extract as described above was used as a control.
Western blots from SDS-PAGE were done at 400 mA for 1 h at 48C. Proteins were transferred to a nitrocellulose membrane in transfer buffer (cyclohexyl-3-aminopropanesulfonic) with 10% methanol (pH ¼ 11.0). The membrane was blocked overnight at 48C with skim milk and rinsed with TBS for 5 min, and then incubated with vitellin anti-serum, diluted 1:2500 with TBS, for 1 h at room temperature on a shaker. The membrane was rinsed five times, for 5 min each, with TBS and incubated for 1 h with alkaline phosphatase-conjugated goat anti-rabbit IgG, diluted 1:1000 with TBS. The color reaction was developed with NBT/BCIP in a dark chamber.
Data Analysis
One way analysis of variance (ANOVA) was used to determine significant differences between GSI, mean diameter and number of cells for each maturation stage, followed by the Tukey test for multiple comparisons of means. Student's t-tests for independent samples were performed to assess significant differences for the vitellogenic oöcyte diameters in late maturing and mature stages (Statistica package 6.0).
RESULTS
In this study we found that ovary weight increased by approximately 85% during maturation from translucent to dark green ovaries. In the translucent color, the ovarian weight corresponded to 1.5% of the female body weight, while in the dark green ovary color this parameter was 9.3% (Table 1) .
From histological analysis of the ovaries in each of the four color categories five microscopic stages were established, on the basis of category, distribution and numbers of germ and somatic cells.
Translucent Ovary
The histologic and immunohistochemical analyses of ovaries enables the recognition of two distinct microscopic ovarian stages. In the first stage, the wall of the ovary consists of a layer of epithelial cells, with small folds into the ovarian lumen. Basophilic oögonia (48 lm) and oöcytes (82 lm) (Table 2) are located in radial compartments surrounded by a layer of follicle cells. In the inner ovarian region, there are a large number of oögonia. Between oögonia and oöcytes sparse follicle cells are distributed, that show a cuboidal shape. Oögonia present large nuclei that include a few small nucleoli. Oöcytes show evident nucleoli near the nuclear membrane. Both oögonia and previtellogenic oöcytes exhibit reduced immunoreactivity to the vitellin antiserum. This organization corresponds to the ovary in the immature stage of the reproductive cycle (Fig. 1a) .
In the other recognized stage, atretic oöcytes and remains of cortical rods were dispersed in the ovary. Fewer previtellogenic oöcytes and oögonia were also observed. The wall of the ovary presents some folds invaginated into an ovarian lumen.
In the control for the immunohistochemical analysis it was found that testis presents no reactivity to the vitellin antiserum. This ovarian organization corresponds to the spent stage, immediately after spawning (Fig. 1b) .
White Ovary This ovary is characterized by the previtellogenic oöcytes of different sizes that have begun to accumulate yolky substances in the cytoplasm. These oöcytes exhibit a cytoplasm with a predominance of basophilic granules and a few acidophilic granules. Basophilic oögonia still appear in this stage in significant numbers (Fig. 1c) . Near the ovarian wall, there are some oöcytes enveloped by a single layer of cuboidal follicle cells forming individualized units, the ovarian follicles (Fig. 1d) . The strongest vitellin immunoreactivity was noted in the cytoplasm of the larger previtellogenic oöcytes (Fig. 1e) . This arrangement of germ and somatic cells represents the early maturing ovary.
Grayish Green Ovary
In this ovary, the oögonia are fewer in number compared to the previous stage, indicating that these cells have developed into oöcytes. Previtellogenic oöcytes are distributed through all regions of the ovary. The cytoplasm of oöcytes presents a great number of basophilic and acidophilic granules (Fig. 1f) . The yolk granules showed a strong immunoreactivity to the vitellin antiserum. The histological characteristics shown by this ovary indicate that it corresponds to the late maturing stage.
Dark Green Ovary
There is a predominance of the ovarian follicles enclosing vitellogenic oöcytes and a few oögonia and previtellogenic oöcytes are observed between ovarian follicles. Vitellogenic oöcytes are large (Table 2) , show a polyhedral shape, and consist of acidophilic yolk granules in the cytoplasm and basophilic cortical rods (Fig. 1g) . Follicle cells are flattened and occasionally not easily distinguished from the oöcytes, which they envelop. The cortical rods showed the strongest immunoreactivity to the vitellin antiserum, while the yolk granules presented weak immunoreactivity. The presence of cortical rods (Fig. 1h) indicates that this ovary is in the mature stage, in close proximity to spawning.
In the five microscopic stages described complementary data were obtained from morphometric, stereological and biochemical analyses. The morphometry of the ovarian cells revealed that oögonia exhibit a modest variation in diameter during maturation, without significant differences among the stages (P . 0.05). Previtellogenic oöcytes show gradual growth during ovarian maturation, and a significant difference was noted from immature to late maturing and mature stages (P , 0.001). Vitellogenic oöcytes were only recognizable in late maturing and mature stages and there were no significant differences between these stages (P . 0.05) ( Table 2 ).
Ovarian stereological analysis shows a quantitative variation in the number of germ and somatic cells during the maturation process (Fig. 2) . In the present study a gradual and significant decrease was observed in the percentage of oögonia from the immature stage to mature stages. Previtellogenic oöcytes were present in all ovarian stages, with predominance in the early maturing stage. No significant differences (P . 0.05) were observed in the number of previtellogenic oöcytes between late maturing, Table 1 . Female body weight, ovary weight and GSI of eyestalk ablated females of F. paulensis in each ovarian color stage. Different character shows significant differences of the GSI, female and ovary weights among maturation stages (P 0,001). Data are present in mean and (6 standard deviation). Table 2 . Average germ cell diameter in the microscopic ovarian maturation stages of F. paulensis. Different character shows significant differences of the previtellogenic oöcyte sizes in the maturation stages (P 0.001). *Cells not present in the immature stage and early maturing stages. Data are present in mean and (6 standard deviation). mature and spent stages, while vitellogenic oöcytes predominated in the mature stage. Protein profiles in ovarian stages demonstrate the appearance of seven main bands at molecular weights of 196 kDa, 105 kDa, 80 kDa, 75 kDa, 67 kDa, 45 kDa and 25 kDa (Fig. 3a) . The protein that migrated to the 45 kDa position was the most prominent in the immature stage, early maturing, late maturing and spent stages, while in the mature stage the band of 75 kDa predominated.
In the Western blot, two bands immunoreactive to vitellin antiserum were detected with molecular weights of 105 kDa and 75 kDa in all maturation stages, except in the spent stage (Fig. 3b) . These bands probably represent the subunits of vitellin protein in F. paulensis. The highest expression of the 105 kDa band was observed in the early maturing stage, whereas in the mature stage this protein band exhibited the lowest expression. The 75 kDa subunit was detected at a lower concentration in the immature stage, early maturing, late maturing and mature stages.
ELISA vitellin analysis confirmed that this protein is present in the five maturation stages, and a gradual increase was observed from the immature to mature stage. Quantitative increase in protein was accompanied by the enlargement of previtellogenic and vitellogenic oöcytes. In the ovaries there was a decrease in vitellin, probably due to oöcyte loss after spawning (Fig. 4) .
DISCUSSION
Penaeid ovarian maturation staging can be achieved based on macroscopic and microscopic features (Primavera and Caballero, 1992; Medina et al., 1996; Ayub and Ahmed, 2002; Peixoto et al., 2003) and can be standardized according to the method employed and the aims proposed for each study.
Ovaries of F. paulensis show macroscopic characteristics that define four maturation stages, but the microscopic analysis revealed that translucent ovaries in fact correspond to the two maturation stages immature and spent, a condition also shown in F. paulensis by Peixoto et al. (2005b) . However, from the microscopic analysis it is possible to recognize the continuous maturation process from oögonia to vitellogenic oöcytes in one spawning season. Due to its continuous nature, the maturation process exhibits progressive changes, thus at the beginning (immature stage) the oögonia are mainly recognized, while the middle stages (early and late maturing) are characterized by oöcytes at various vitellogenic stages, with the mature stage featuring the vitellogenic oöcytes.
Many studies with penaeid shrimps have proposed a range of three to six stages for ovarian maturation. Marchiori and Boff (1983) proposed six stages for Penaeus paulensis on the basis of the ovarian coloration. Tan-Fermin and Pudadera (1989) used histological and histochemical analyses to establish four ovarian stages for P. monodon. Meanwhile, Browdy et al. (1990) classified the ovaries of P. semisulcatus into three stages based on histological evidence. Mohamed and Diwan (1994) employed structural and ultrastructural analyses to classify the ovaries of P. indicus in five maturation stages. Quintero and Garcia (1998) Peixoto et al. (2004) proposed four maturation stages based on histological and morphometric analysis of the ovaries. These findings reveal that it is not possible to standardize the ovarian maturation; consequently, the ovary staging varies according to the methodology employed and the specific objectives of each study.
Our results show that by bringing together histological, morphometric, stereological and biochemical assays significant features were recognized that make it possible to identify five maturation stages of ovaries in eyestalk-ablated females. From these multifactor analyses it was confirmed that the translucent ovaries correspond to two distinct stages, which mark the beginning and the end of the maturation process.
Additionally, when the GSI of early maturing and spent stages are compared a similarity of these stages is observed, as also reported by Peixoto et al. (2005b) . These observations corroborate the hypothesis of Adiyodi and Subramoniam (1983) that after spawning the ovaries of shrimps are not completely empty, with some oögonia and previtellogenic oöcytes remaining, suggesting that in this species there are consecutive ovarian maturations in the same reproductive season.
In the present study, the morphometric data show that the diameters of oögonia and oöcytes obtained were less than those observed in wild females of F. paulensis by Peixoto et al. (2004) , and this same correlation was also found by Peixoto et al. (2002) , where the diameters of basophilic oöcytes were lower in eyestalk-ablated than in unablated females. Therefore, our results corroborate the hypothesis proposed by Quackenbush (1991) , in which eyestalk ablation promotes an intensive ovarian activity resulting in successive maturations and progressive reduction of oögonia.
Work performed on penaeids by other authors (TanFermin and Pudadera, 1989; Ayub and Ahmed, 2002; Peixoto et al., 2005) generally reports the morphometry of germ cells, but disregards the number of different germ cells in ovarian maturation stages. The stereological data presented in our results correspond to important numerical criteria for reproductive performance evaluation and can be used for comparative analysis between wild and ablated females or to describe the changes observed between maturation stages.
Our results show that the cytoplasm of previtellogenic oöcytes presents a transition from basophilic to acidophilic yolk granules, which is accompanied by an increase in the diameter of the cells. These features can be also related to the transition between primary and secondary vitellogenesis as reported by Quackenbush (1991) and Spaziani and Hinsch (1997) . This transition may also explain the ELISA results, which demonstrate changes in the quantity of vitellin incorporated between stages. Additionally, the immunohistochemical data reveal a relationship between germ cell growth and vitellin incorporation.
In the course of ovarian maturation, changes are observed in the ovary protein profile with the increase in oöcyte diameter. Through Western blotting analysis two bands reactive for vitellin (105 and 75 kDa) were observed in the immature stage. After the early maturing stage a decrease was found in the intensity of the 105 kDa band. These results may be related to the possible degradation of the proteins. According to Lubzens et al. (1995) the characterization of low molecular weight bands can be influenced by protease activity. Thus, vitellin degradation is necessary during the maturation stages for this molecule to be available for embryonic cell nutrition.
The increase in the number of descriptions of vitellogenin and vitellin has contributed to increased understanding of the reproductive peculiarities that exist in decapod crustaceans (Tsukimura, 2001) . The difference in molecular weights between the species may reflect interspecific variation among yolk polypeptides (Quinitio et al., 1990) or it may be due to different methodologies being employed (Rankin et al., 1989) .
The association of different methods provides important information on the diverse elements involved in ovarian activity to establish guidelines for the reproductive management of this species. Our results will be used, among other applications, to improve understanding of structural changes and protein requirements for egg yolk production.
